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Abstract

The photochromic properties of furan-based diarylethenes and their interaction with citrate-capped gold nanoparticles
were investigated by ultraviolet/visible absorption spectroscopy and transmission electron microscopy. We identified
the optimal concentration of diarylethenes in water-ethanol mixture required for stability of colloidal systems.
Nanoparticles coupled with diarylethene derivatives exhibit a new surface plasmon resonance band coming from their
aggregation. We analyzed the effects of functional side-chain groups on aggregation process. These results can be
considered as a basis for further designing of novel hybrid nanomaterials and optoelectronic elements.
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Background
The diarylethene derivatives (DAEs)—photochromic
molecules [1, 2] that can be reversibly switched between
open-ring (OF) and closed-ring (CF) forms by external
optical and/or electrical stimulation (Fig. la), attract
considerable attention since these molecular switches
grafted on metal nanoparticles [3] are promising base
for optoelectronic elements [4, 5], smart materials [6, 7],
and molecular machines [8, 9]. The gold nanoparticles
connected through the photochromic molecules can
serve as a conducting path between electrodes [10, 11].
But, the localized surface plasmon resonance can inhibit
the switching properties through the molecule-metal
interactions [12]. The effects, which underlie these inter-
actions, are critique for further applications and require
the complementary investigation.

In this work, we studied the interaction of photochro-
mic furan-based diarylethenes (DAEs) with citrate-
capped gold nanoparticles (Au NPs). Recently, their
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conductance on a single-molecule level was investigated
by break-junction experiments at low temperatures [10].
DAEs contained thiosemicarbazone (TSC) and
methylthiosemicarbazone (MTSC) side-chain groups
(Fig. 1b) that were used to extend m-system of photo-
chromic switches [13, 14] and to decouple the molecular
switch from the gold electrodes and, thus, to avoid the
unintended quenching of the excited state [11, 15].
Organic-inorganic hybrid nanostructures obtained in so-
lution can be easily characterized and deposited on tai-
lored surface in a controllable way. Thus, we chose the
colloid state in water-ethanol mixture to investigate the
DAE/Au NPs systems.

Methods

The furan-based DAEs—1,2-bis[2-methyl-5-[(E)-(2-
thiocarbamoylhydrazono)methyl]-furan-3-yl]-perfluor-
ocyclopentene (C5F-TSC) and 1,2-bis[2-methyl-5-
[(E)-(1-methylthio-1-iminomethylhydrazono)methyl]-furan-
3-yl]-perfluorocyclopentene (C5F-MTSC), were synthe-
sized and purified according to [13]. The CF and OF for
both molecules are thermally stable and reversibly switch-
able and have appropriate photoconversion quantum
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Fig. 1 a The schematic representation of photoinduced switching between open-ring (OF) and closed-ring (CF) forms of DAEs under ultraviolet
(UV) and visible (VIS) light illumination. b The structures of TSC (left) and MTSC (right) side-chain groups
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yields [15] which make these molecules suitable for fur-
ther implementation in the molecular-scaled flexible de-
vices with optically modulated properties [5].

The colloidal solutions of gold nanoparticles were syn-
thesized via chemical reduction of tetrachlorauric acid
with trisodium citrate according to the Turkevich
method [16, 17]. Synthesis of 20 mL of Au NPs was car-
ried in aqueous solutions with concentrations of gold in
the final colloid of Cay=2.5x10"* M when stirred and
heated to boiling. The obtained colloidal solution of gold
nanoparticles was cooled to room temperature for 5 min
after the immersion of 1 mL of citrate with Cgitrate =
8.5x107* M.

The ethanol solutions of C5F-TSC and C5F-MTSC
with concentration C =107 M were used to investigate
the photochemical properties of both molecules by
ultraviolet/visible (UV/VIS) absorption spectroscopy. To
initiate the ring-closing reaction, the mercury lamp
(PRK-4) with the appropriate combination of filters was
used as UV light source (A =365 nm), while the LED
source (A =430-750 nm) was used to start the reverse
ring-opening reaction. All solutions were stored in the
dark to avoid uncontrolled photochromic reactions,
which may occur under the influence of natural or/and
artificial light.

The water-ethanol solutions of molecules were pre-
pared by mixing the ethanol solutions of CF or OF of
C5F-TSC and C5F-MTSC with distilled water (i.e., the
volume ratio of water to ethanol was equal to 4:1). The
same procedure was performed to investigate the inter-
action of Au NPs with DAEs: gold colloid was mixed
with previously irradiated ethanol solutions of C5F-TSC
and C5F-MTSC; the quantity of ethanol was no more
than 20% vol. Namely, the volume ratios of water to
ethanol were equal to 4:1 and 5:1 for two series. The
two sets of samples were prepared in the same experi-
mental conditions. The DAE’s concentration was the
only one parameter that was varied in a range from
Cpar =107 to 107> M, while the concentration of gold
Cay =2 x10™* M was constant for all series.

The photoinduced transformation of molecules and their
interaction with Au NPs were measured by the Lambda 35
UV/VIS spectrometer (Perkin-Elmer Instruments,
USA) in 1-cm quartz cells. The size and morphology

of nanoparticles and their aggregates were character-
ized by the transmission electron microscope (TEM)
JEM-1230 (JEOL, Japan) with an accelerating voltage of
80 kV. One microliter of colloid was placed on carbon-
coated copper grids and dried at room temperature. The
program Image] was used to calculate the distribution of
particles.

Results and Discussion

Solvent Effects on Photochromic Properties of
Diarylethene Derivatives

The adsorption spectra of both C5F-TSC and C5F-
MTSC in CF show the broad absorption band located in
the visible range. They appear after UV light illumin-
ation of the colorless solutions of OF and indicate the
ring-closing reaction of photochromic core (Fig. 2).
Although studied DAEs have the same photochromic core
and differ only with one methyl group (C5F-MTSC),
bonded to sulfur atom in molecular linkers (Fig. 1b), they
show the different optical response.

The shape of absorption bands is similar, but the
molar absorptivity in case of TSC substituent is almost
1.5 times higher compare to MTSC. The absorbance
maximum of C5F-TSC in a visible range is located at
Amax = 580 nm in ethanol, while of C5F-MTSC is slightly
blue shifted to A, = 575 nm. This shift of AL =5 nm is
also observed for more polar water-ethanol mixture; the
maxima are located at A,.=575 and A, =570 nm,
correspondingly.

We found that the photoinduced ring-closing reaction
of studied DAEs also occurs in water-ethanol mixture.
The cyclization process proceeds two times more effect-
ive in ethanol compared to more polar water-ethanol
mixture for both DAEs. It happens since in less polar
solvents the ring-closure reaction proceeds easier, since
the exited state of OF is stabilized in planar conform-
ation close to the structure of CF, opposed to twisted
form in polar solvents [18, 19]. Considering that DAEs
grafted on gold nanoparticles can absorb at the different
orientation and adsorption sites [20, 21], twisted form of
DAE existing in more polar solvent could be advanta-
geous. Firstly, the less quantity of ethanol causes the
minor NPs aggregation at aqueous gold colloid. Sec-
ondly, in case of more polar water-ethanol solvent, the
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Fig. 2 The photoinduced transformations between OF and CF represented in absorbance spectra of a C5F-MTSC and b C5F-TSC solved in ethanol
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linkers of TSC and MTSC are more deployed in the
space presumably promoting bonding of the molecules
with two different nanoparticles. Thus, for further exper-
iments with Au NPs, water-ethanol mixture can be used
as a solvent.

DAE Interaction with Gold Nanoparticles

The colloidal solutions of citrate-capped gold nano-
particles had inherent red color accompanied by the
presence of localized surface plasmon resonance (LSPR)
band [22, 23] in absorption spectrum with intensive
maxima at A =519 nm (Fig. 3). The particles were mainly
formed with the average size of 15-20 nm according to
the TEM measurements. Stability of Au NPs was
provided by the negative charge of citrate shell, which
prevented them from aggregation in solutions.

The C5F-MTSC in OF (C=5x10"° M and C=10"" M)
caused strong aggregation of nanoparticles. The second
plasmon resonance band of gold appeared as a shoulder
and then as maximum near A =600 nm. This long wave-
length mode is the excitation of plasmon resonance along
the linear chains of nanoparticles (chain mode) [24] that is
intrinsic for gold aggregates with different cross-linking
agents [25, 26]. In our case, it was due to the growth of ag-
gregates of Au NPs caused by DAE binding (Fig. 3a).
Changes in absorption spectra were accompanied by dra-
matic color change of solutions from red (citrate-capped
Au NPs not functionalized with DAE) to deep violet
(Additional file 1: Figure S1). The absorbance spectra of
Au NPs/DAE system differed from the expected ones
(Fig. 3 dotted lines) calculated as the sum of absorbance of
isolated Au NPs and C5F-MTSC as non-interacting
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Fig. 3 Changes in absorption spectra of gold nanoparticles influenced by C5F-MTSC in OF (a) and CF (b); dotted lines show the spectra of C5F-MTSC
in control measurements. The volume ratio of water to ethanol was equal to 4:1. The DAE concentrations were Coae = 1% 1076, 5% 1075, 1x 107> M.

—— MTSC (CF, 1x10° M)+NPs
——MTSC (CF, 5x10° M)+NPs
——MTSC (CF, 1x10° M)+NPs
----- MTSC (CF, 1x10° M)
( )
( )

1,44
—127% Expectedt ~ ----. MTSC (CF, 5x10° M
S O Ve MTSC (CF, 1x10° M
» 1,0
\(3 .......

Wavelength (nm)




Khodko et al. Nanoscale Research Letters (2017) 12:271

substances. Thus, we proved that the strong interaction
between Au NPs and DAEs occurred. OF of DAEs with
MTSC substituent interacted with Au NPs in nonlinear
manner. Twice less amount of DAE, C=5x10"° M,
caused total aggregation of NPs to dark blue precipitate.
The second plasmon resonance band maximum of gold
was shifted from 610 to 634 nm during 1 h followed by its
total disappearance.

The C5F-MTSC in CF interacted with Au NPs in a com-
pletely different way. In the absorption spectra, we ob-
served LSPR bands with a slight long wavelength shoulder,
but with maxima located at 1 =532 nm (C=5x 10° M)
and 1 =535 nm (C=1x 10" M) (Fig. 3b), we found that
C5F-MTSC at concentration C=10"° M caused the for-
mation of stable colloids in both OF and CF. Their maxima
were located at A =522 nm for CF and A = 524 nm for OF,
close to the maximum of citrate-capped gold nanoparticles.
With the aim to obtain the stable colloids of Au NPs func-
tionalized with photochromic molecules for further experi-
ments, we decreased the concentration of DAEs (up to C
=0.1x 10"® M) and used less volume of ethanol to avoid
NPs aggregation (from 4:1 to 5:1 water to ethanol volumic
ratio).

The first observation evidenced that DAE derivatives
with TSC and MTSC side chains interacted with gold
nanoparticles and in both cases the strong aggregation of
nanoparticles occurred in case of OF. One more important
finding is that the optimal concentration of DAE needed to
form stable colloids was determined, Cpag = 10°° M.

No significant variations in absorption spectra of gold
nanoparticles under the action of both OF and CF of
C5F-MTSC were detected for DAEs concentration up to
Cpap=1.0x107° (Fig. 4), and samples had the same red
coloration (Additional file 2: Figure S2). The colloids con-
taining C5E-MTSC in OF and CF with Cpap=1x10"° M
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were investigated by TEM. We detected a large number of
small aggregates up to 20 NPs in assembly for both sam-
ples (Fig. 5), and more than 35% of them were monomers
(693 NPs were analyzed for the system with DAEs in OF
and 523 NPs for the system with DAEs in CF).

But, at Cpap=3x10"° M, the most crucial changes
occurred (Fig. 4a, b). In the case of OF, LSPR band of
gold at 634 nm disappeared in time. Au NPs were totally
aggregated leaving blue-gray precipitate. It was not pos-
sible to analyze this sample by TEM. At the same time,
CF promoted the formation of chain-like structures of
nanoparticles and most of nanoparticles gathered in
huge assemblies (Fig. 6) remaining stability of violet col-
loid with A, = 531 nm. Such dramatic and inconsistent
change in stability possibly is connected with transform-
ation of citrate-stabilizing shell and should be a subject
of further investigation.

The C5F-TSC, at Cpag =3 x 10°° M also caused aggre-
gation of particles, but not so strong compared to C5F-
MTSC. The LSPR band maximum of Au NPs with OF of
C5F-TSC was located at 546 nm having a big shoulder
near 600 nm (Fig. 7a). Colloid of Au NPs with OF of C5F-
TSC had violet coloration (Additional file 3: Figure S3) as
well as one of Au NPs with CF. But for CF of C5F-TSC,
LSPR band maximum was less shifted, Ay, =537 nm,
with a less prominent shoulder compared to OF (Fig. 7b).

According to the TEM measurements, more than half
of the particles (53%) in violet colloid with C5F-TSC at
Cpae =3 x 107 M in OF were organized in assemblies
with #n>40 NPs. At the same time, C5F-TSC in CF
formed near 20% of such assemblies (Fig. 8). The red
colloids at Cpap=1x10"® M with both OF and CF of
C5F-TSC contained assemblies mainly up to 50 NPs at
almost the same amount (721/978 NPs for OF and 735/
1666 NPs for CF were analyzed) (Fig. 5c¢, d).

Fig. 4 Changes in absorption spectra of gold nanoparticles influenced by C5F-MTSC in OF (a) and CF (b). The volume ratio of water to ethanol
was equal to 5:1. The concentration of DAEs was Coar = 0.7 X 107%, 1.0x 107, 3.0 x 107 M, but the control spectra C5F-MTSC in OF and CF was
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Fig. 5 TEM images of obtained colloids, where C5F-MTSC (a) and C5F-TSC (c) interacted with Au NPs in OF and CF at Cpag = 1% 107° M. The
distribution of aggregates by quantity of NPs per assembly for C5F-MTSC (b) and C5F-TSC (d)

Thus, there is a clear difference in the behavior of two
DAEs caused by the structure of their side-chain groups
as well as their conformational forms.

The OF is expected to be more spatially distributed due
to the flexibility of side-chain groups. The spatial structures
of studied DAE obtained with ChemDraw MM2 energy
minimization are shown in Additional file 4: Figure S4.

We can see that molecular linkers are more deployed
in the space (placed from “different sides” relative to the
core) in case of OF for both molecules. Moreover, the
polar solvent causes the stabilization of the molecule in
twisted conformation. Hence, the possibility of inter-
action of one DAE molecule with two different gold
nanoparticles is higher compared to its CF. Therefore,

between DAEs (OF and CF) with Au NPs

Fig. 6 a TEM images of Au NPs/C5F-MTSC colloid, where DAE interacted in CF at Coar =3 x 10°° mol-L™". b Model representation of interaction
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OF can cause stronger aggregation that we observed in
absorbance spectra and TEM images.

Comparing TSC and MTSC side-chain groups, their
donating ability should be taken into account. The num-
ber of bonding modes has been observed for the thiose-
micarbazones in their neutral or anionic forms [27].
Thiosemicarbazone moiety have mainly bidentate na-
ture. Adsorption of TSC group on the surface of metal
can occur through sulfur and nitrogen atoms. In its turn,
MTSC group is bound to bind with gold through nitro-
gen(s) while sulfur is not involved, as was shown also for
complexes of S-methylthiosemicarbazone derivatives
with other metals [28—30].

The electron-donating ability of a molecule is often
associated with the energy of high occupied molecular
orbital (HOMO), and less negative HOMO energy and
smaller energy gap (Egomo-Erumo) are expected to

appear as stronger chemisorption [31]. ChemDraw
calculations allow us to estimate the tendency and
difference between two studied molecules. Although, to
obtain the more accurate matches with experimental data,
further calculations are required. According to the calcu-
lated HOMO-LUMO values, energy gaps of both OF and
CF of C5F-MTSC are bigger than those for C5F-TSC. It
correlates with positions of DAE maxima in absorption
spectra (Fig. 2): C5F-MTSC is blue-shifted compared to
C5F-TSC indicating that more energy is needed to reach
the exited state. Also, the HOMO energy levels of OF and
CF are higher for thiosemicarbazone derivative confirming
its stronger donating properties.

Thus diarylethene derivatives with TSC and MTSC
side-chain groups despite their similar structure have
different optical response and interact variously while
binding to gold nanoparticles.
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Conclusions

The water-ethanol mixture can be used as a solvent for
investigation of effect of DAE on Au NPs and is advanta-
geous due to more twisted orientation of photochromic
molecules in more polar solvent. The interaction of DAE
derivatives with TSC and MTSC side chains with citrate-
capped gold nanoparticles in OF and CF has nonlinear
manner. Both molecules cause aggregation of nano-
particles stronger in case of OF at the concentration of
Cpar =3 x%107® molL™! that is associated with spatial
distribution of molecular linkers. At the same time, the
colloids with lower concentration of C5F-MTSC and
C5F-TSC, Cpap=1x10"° molL™}, maintain stability
more than half a year. Larger aggregates are formed in
case of TSC side chains (up to 80 NPs per assembly)
compared to MTSC tail (up to 20 NPs per assembly)
due to the higher donating nature of the first one.

Additional Files

Additional file 1: Figure S1. The color changes that represents the
interection of DAEs with AuNPs: (@) C5F-MTSC and (b) C5F-TSC. The vol-
ume ratio water to ethanol is equal to 41, Coae=1x10"% 5x107° 1 x
107> mol-L™". The concentration of gold Ca,=2x 10"* mol-L™" was con-
stant for all series. The spectra of the corresponding solutions are
presented in Fig. 3. (PPT 128 kb)

Additional file 2: Figure S2. Changes in color of the solutions, where
gold nanoparticles were influenced by C5F-MTSC in open-ring (a) and
closed-ring (b) forms. The volume ratio of water to ethanol = 5:1,
Coae=07%107"% 1.0%107° 3.0 10° mol-L™". The concentration of
gold Cau=2x10"" mol-L™" was constant for all series. The spectra of the
corresponding solutions are presented in Fig. 4. (PPT 202 kb)

Additional file 3: Figure S3. Changes in color of the solutions, where
gold nanoparticles were influenced by C5F-TSC in open-ring (a) and
closed-ring (b) forms. The volume ratio of water to ethanol = 5:1,
Coar=0.7%107%1.0%107° 3.0x 107° mol-L™". The concentration of
gold Cay=2x10"* molL™" was constant for all series. The spectra of the
corresponding solutions are presented in Fig. 7. (PPT 214 kb)

Additional file 4: Figure S4. The spatial structures of C5F-MTSC (top)

and C5F-TSC (bottom) in open-ring (left) and closed-ring (right) states
obtained with ChemDraw MM2 energy minimization. (PPT 219 kb)
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